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V tem magistrskem delu je bila izvedena raziskava nukleiranja in rasti razpok na površini delovnih 
valjev, ki nastanejo med procesom vročega valjanja. Pri omenjenem procesu so delovni valji 
izpostavljeni izmeničnim ciklom segrevanja in hlajenja. Na površini delovnega valja prihaja do hitrih 
temperaturnih sprememb zaradi stika valja z vročim obdelovancem in hladilnim sredstvom. Omenjeni 
neprekinjeni cikli na površini materiala delovnega valja povzročijo toplotno utrujenost materiala. To je 
pomemben dejavnik, ki vodi k razpadanju površine in s tem ogrozi življenjsko dobo valja. 
Dva valja iz različnih materialov (CG HSS in HRC) sta bila preizkušena na odpornost proti toplotni 
utrujenosti. Testiranje odpornosti na toplotno utrujenost je bilo izvedeno na termo-mehanskem 
simulatorju Gleeble 1500D. Valj iz materiala HCR je bil dodatno hladno deformiran (pri obremenitvah 
0.23 in 0.41). Da bi pravilno razumeli pojave nukleacije in rasti razpok, smo vzorce ustrezno testirali pri 
250, 750 in 2500 termičnih ciklih. Nato smo na prerezu izmerili dolžino razpok z optičnim mikroskopom. 
Nato smo izvedli SEM in EDS analize in preučili značilnosti nastanka razpok, njihove rasti in in materialni 
odred. 
Obstaja odvisnost med nukleacijo in rastjo razpok, številom obremenitvenih ciklov, velikostjo, obliko, 
orientacijo in porazdelitvijo evtektičnih karbidov. Pri obeh materialih smo ugotovili podobne 
mehanizme za nastanek nukleacije. Nukleacija razpok je v primerjavi z materialom CG HSS večja pri 
HCR materialu, saj opazimo večjo gostoto razpok. Rast razpok je večja pri materialu CH HSS, saj so se 
med preizkušanjem razvile večje razpoke. Primarni in evtektični karbidi na površini in tik pod njo so 
mesta kjer se najpogosteje pojavi nukleacija. Podolgovati karbidi pod površino pospešujejo rast razpok, 
medtem ko jo kroglasti karbidi zavirajo. Karbidi usmerjeni vporedno z ohajeno površino zmanjšujejo 
rast razpok. 
Deformacija preizkušanca iz materiala HCR pred ciklično toplotno obremenitvijo ponuja pozitivno 
obnašanje materiala tako pri materialu CG HSS, kot tudi HCR. Nukleacija in rast razpoke se zmanjša, če 
primerjamo materiale brez predhodne deformacije. To ugotovitev podpira dejstvo, da se je v 
primerjavi z predhodno deformiranim preizkurancem iz HCR (0.41), po 250 ciklih razpoka pri materialu 
CG HSS povečala za 3.98-krat. Pri 2500 ciklih pa je razpoka večja za 2.34-krat. Prav tako ima 
preizkušanec iz materiala CG HSS ima 1.3 krat večjo gostoto razpok pri 250 ciklih in 1.04-krat večjo 
gostoto razpok pri 2500 ciklih, če ga primerjamo z predhodno deformiranim preizkušancem iz 
materiala HCR (Pri obremenitvi 0.41). 
Magistersko delo prispeva k boljšemu razumevanju nukleacije, rasti razpok in pri pogovih, ki se pojavijo 
med procesom vročega valjanja. 





In this master work, an investigation was carried out regarding the nucleation and growth of cracks on 
the surface of work rolls materials that occur during hot rolling. During hot rolling, work rolls are 
exposed to successive heating and cooling cycles. Their surface consequently suffers rapid 
temperature changes due to being in contact with hot rolled material and cold water from cooling. 
These successive and continuous heating and cooling cycles induce thermal fatigue in the material, 
which is a very important factor leading to surface deterioration and thus jeopardizing the roll life. 
Two hot roll materials (CG HSS and HCR) were tested regarding their thermal fatigue resistance. Testing 
of thermal fatigue resistance was carried out on Gleeble 1500D thermo-mechanical simulator. HCR 
was also additionally pre-hot deformed (strain of 0.23 and 0.41). In order to understand properly the 
degradation phenomena of crack nucleation and growth, samples were properly tested at 250, 750 
and 2500 thermal cycles, respectively, and then on cross-section by optical microscope length of cracks 
was measured. SEM analysis and EDS analysis were also performed to study characteristics of crack 
initiation, their growth and spalling of materials. 
There is a dependence between crack nucleation and growth, and the number of cycles performed, 
the size, shape, orientation and distribution of the primary and eutectic carbides. Similar mechanisms 
for crack nucleation were found in both materials. Nucleation of cracks is higher in as-cast HCR material 
in comparison to as-cast CG HSS steel, as its crack density is higher. However, crack growth is higher in 
as-cast CG HSS as it developed larger cracks. Primary and eutectic carbides at the surface or close to it 
are preferred locations for crack nucleation. Elongated carbides under the surface accelerate crack 
growth while globular inhibit it. Carbides oriented parallel to the cooled surface reduce the growth of 
cracks. 
The deformation of the HCR prior to the thermal cycling offers a positive combination of thermal 
behaviours between as-cast CG HSS and as-cast HCR. Crack nucleation and growth are diminished 
when compared to as-cast HCR and as-cast CG HSS respectively. Firstly, this supported by the fact that 
at 250 cycles CG HSS developed 3.98 times larger crack than HCR deformed (0.41), whereas at 2500 
cycles 2.34 times. Secondly, CGHSS has 1.3 times greater crack density than deformed HCR (0.41 strain) 
at 250 cycles, and 1.04 at 2500. 
The master work contributes to better understanding of crack nucleation, growth and spalling 
during the hot rolling conditions. 












Pri procesu vročega valjanja je površinska plast delovnih valjev izpostavljena izmeničnim ciklom 
ogrevanja in hlajenja, t.j.  na površini delovnega valja prihaja do hitrega temperaturnega porasta zaradi 
stika valja z vročim valjancem ter padca temperature med fazo hlajenja. Omenjeni ponavljajoči se cikli 
na površini delovnega valja povzročijo toplotno utrujenost materiala kar vodi do nastanka razpok. To 
nadalje vodi do luščenja površinske plasti valja kar vpliva na njegovo življenjsko dobo.  
V magistrskem delu so bili za kvantifikacijo odpornosti na termično utrujanje ter pojasnitev procesov 
degradacije na površini valjev izvedeni laboratorijski preizkusi termičnega utrujanja. Testiranje 
odpornosti na toplotno utrujenost je bilo izvedeno na termo-mehanskem simulatorju Gleeble 1500D. 
Na odpornost proti toplotni utrujenosti sta bila preizkušena dva materiala za valje (CG HSS in HRC) v 
litem stanju. Material iz HCR je bil dodatno deformiran v vročem pri deformacijah 0.23 in 0.41. Analiza 
mikrostrukture je v CG HSS (Slika 1a) vzorcih razkrila prisotnost grafitov in karbidov (primarne in 
evtektične) v martenzitni matrici. Mikrostruktura litega HCR jekla pa sestoji iz primarnih in evtektičnih 
karbidov na osnovi Cr, carbidov na osnovi Mo ter sekundarnih karbidov v martenzitni matrici (Slika 1b). 
Slika 1c z detajlom na Sliki 1d prikazuje mikrostrukturo deformiranega vzorca pri čemer so razvidne 
razpoke na karbidih. 
Za popolno razumevanje degradacije mehanizmov nukleiranja in rasti razpok so bili vzorci s pomočjo 
optičnega mikroskopa Olympus CX31 in stereo mikroskopa Olympus SZ pregledani tudi na axialnem 
prerezu (Slike 2). Površinske razpoke so bile podrobno analizirane tudi s pomočjo SEM in EDS analiz. 
     a)  b)  
c,d)  
Slika 1: Mikrostrukture testiraniih vzorcev; CHSS (a), HCR (b), deformiranega HCR (c) z detajlom (d). 
Da bi pravilno razumeli pojave nukleacije in rasti razpok, smo preizkuse ustavljali pri 250, 750 in 2500 
termičnih ciklih. Nato smo na prerezu (Slika 2a) izmerili dolžine vseh razpok z optičnim mikroskopom 
ter izvedli še SEM in EDS analize (Sliki 2b-c) in študirali značilnosti nastanka ter rasti razpok. Na osnovi 
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meritev dolžine razpok smo kvantificirali odpornost na termično utrujanje s podano dinamiko glede 
povprečne dolžine razpok, dolžine najdaljših razpok, povprečjem sedmih najdaljših razpok (slika 3) ter 
gostoto razpok na enoto dolžine. 
                                a   b-c) 
Slika 2: Axialni presek testiranih vzorcev (a) z detajli (b-c).  
a)  b)  
Slika 3: Povprečna dolžina sedmih najdaljših razpok pri različnem številu ciklov za testirane materiale 
(a) ter prikaz degradacije površinske plasti za CG HSS material. 
Degradacija površine se dogodi zaradi različnih dejavnikov, t.j. pokanja in krušenja evtektičnih in 
primarnih karbidov na hlajeni površini, nukleacije in rasti razpok, oksidacije na površinski plasti ter v 
notranjosti razpok, pokanja debelejših karbidov pod površino, nukleacije notranjih razpok, 
združevanjem površinskih razpok kar vodi do luščenja večjih delov s površine, itd (Slika 3b).  
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1.1 Problem statement 
A rolling mill is an equipment based on working rolls (Figure 1) used for metal deformation. One or 
more pairs of rolls are grouped together in stands in order to process metal, typically steel, i.e. reduce 
its cross-section (thickness) into sheets or bars. A working roll is a core part of a rolling mill that enters 
into direct contact with rolling (rolled part). Rolling mills have remarkably high manufacturing costs as 
they demand high precision and are made of high-quality alloyed steels or cast iron. Demands on 
prolonged service time of rolls as well as preventing of early spalling of material from roller surface are 
always actual. Hence, working rolls contribute ca 15% to cost of products [1]; thus due to this, constant 
research and improvement is being carried out to reduce production costs and improve roll material 
properties. 
Rolling is classified according to the temperature of the metal rolled. If the temperature of the metal 
is above its recrystallization temperature, then the process is known as hot rolling. If the temperature 
of the metal is below its recrystallization temperature, the process is known as cold rolling [2].  
The surface wear mechanisms of work rolls for hot rolling are very complex, involving abrasive wear, 
adhesive wear, mechanical- and thermal-induced cracking, material transfer and oxidation [3]. This 
thesis focuses on thermal induced cracking (thermal fatigue, Figure 2). 
During hot rolling, the surface of the work rolls is exposed to rapid temperature changes due to the 
successive contact with hot rolled material followed by cold water cooling. The cyclic thermal load on 
the rolls during those processes may induce stresses high enough to impose plastic deformation in the 
tool surface and eventually cause thermal fatigue cracking. The surface of the working rolls is 
extremely important for the quality of hot rolled products, accounting for 5 million tons per year of 
world production [4]. As large percentage of this production is consumed in automotive industry, 
quality aspects are highly important. The quality of the rolled strip is dominated by the surface 
conditions of the work roll [5] as well as oxidation behaviour of rolling [6]. As a consequence, the 
formation of surface cracks on the work rolls has a negative impact on the rolled products. In addition 
to previously mentioned issues, rolls service is highly limited by thermal fatigue failure.  
In this master thesis an investigation on thermal fatigue resistance of HCR and HSS is carried out. The 
master work contributes to a better understanding of crack nucleation and growth during hot rolling 
conditions.  
 
Furthermore, the thermal fatigue behaviour of HCR strain induced steel is also studied and compared 
with the same material in as-cast conditions. Two-layer material work rolls are cast using the 
centrifugal casting method. Cast iron with HCR content is used in the outer layer, whereas either grey 
or a nodular cast iron in the core. The roll surface contains very hard chromium carbides that are fine 
grained and equally distributed within the matrix. The matrix is made mainly from perlite as well as 





Figure 1: Example of a roll [7] 
 
Figure 2: Appearance of surface cracking [8] 
1.2 Appearance of cracks on working rolls 
The role of the work rolls is to provide the necessary rolling pressure to the steel strip in order to make 
it thinner. By doing this, they are subjected to cyclic thermal conditions produced by the contact with 
the hotter steel strip and the cooling by water spry. These cycles generate temperature gradients in 
the steel leading to thermal stresses and consequently to occurrence of cracking on roll surface layer 
(Figure 2). Thermal conductivity and thermal expansion characteristics of roll material are relevant for 
thermal stresses level; higher thermal conductivity and lower thermal expansion lead to lower thermal 
stresses and vice versa [9]. Cracks usually start on the water-cooled surface and grows perpendicular 
to it. Crack length and density depend on the temperature gradient and the number of thermal cycles 
performed [10]. Latest studies report about occurrence of internal cracks, their linking as well as their 
linking with external cracks [11]. 
1.3 Structure of the thesis 
In this thesis, a thermal fatigue test is carried out for the assessment of the thermal fatigue resistance 
of two materials for work rolls; i.e. HCR and HSS. The test enables a simulation of the work roll thermal 
fatigue for regular rolling conditions. The tests were implemented in a thermo-mechanical simulator 
of metallurgical states, the Gleeble 1500D. These two materials are compared and conclusions are 
drawn regarding their use in hot rolling. Furthermore, HCR is additionally subjected to deformation 
process (forging) to obtain wrought microstructure which was subjected to thermal fatigue testing.  
Thus, thermal fatigue resistance of deformed state was compared with as-cast state.  
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Presented work is divided in seven chapters. First chapter contains an introduction on the problem 
statement and the proposed working hypothesis that is sustained during the thesis. Second chapter 
focuses on a theoretical overview about work rolls and thermal fatigue, providing a background for a 
better understanding of the thesis. The main sources are journals, published articles, conference 
reports and handbooks. Third chapter describes used materials and how experiments were performed 
in the lab. This includes a description of how were the samples taken, how thermal fatigue was tested 
and how microscopy and crack analysis is carried out. Chapter number four displays results. Chapter 
five contains discussions. Chapter six contains conclusions on the thesis followed by suggestions for 
improving. Finally, references are displayed in chapter seven. 
2 Theoretical Background  
In metalworking, a rolling mill is a metal forming method where steel strips, billets, ingots are 
processed through a series rolling mill stands. The purpose of this process is to reduce cross-sections 
(thickness) of rolled-piece.  
2.1 Development of rolling 
Casting and forging were already employed 3000 years ago. Unlike mentioned processes, rolling 
assumed major importance in the industrialized world only during the 19th century. At the beginning, 
typical steel products were profiles as beams, rails, channels, etc. However, after 1930 flat products as 
sheet and strip started to be produced. Although rolling technology has experienced big changes in the 
recent years, rolls have always remained the critical part of rolling mills. Thus, rolls have followed the 
development of mills.  
 
Dr. Karl Heinrich Schroder explains in his book “A basic understanding of the mechanic of the rolling 
mills” [12] how were the rolling mills created. The first rolling mill was invented by Leonardo da Vinci. 
Only after a few centuries rolling mills became significant for the steel industry. Initially, in the 19th 
century, more long products than sheet were rolled. Mass production of flat products (hot strip mills) 
was developed in America in the first half of the 20th century and became popular after the Second 
World War.  
 
To produce flat steel more efficiently and less costly the industry had to undergo some major 
developments. The goal was and continues to be the reduction of energy, man power, financial 
investment, etc., thereby lowering production costs but at the same time increasing yield (relation of 
weight of good finished strip to weight of material before rolling) and strip quality.  
 
At the beginning slabs were casted in iron chill moulds. Later, this process was improved when slabs 
were produced in continuous cast slabs of a thickness between 160 and 300 mm. The result was that 
no more slabbing mills were needed. This process evolved again into what was mentioned before, the 
near net shape casters. The benefit now was that no more roughing stands were required as this 
method integrates the casting and hot rolling of steel into one process step. Two main types of NNSC 
are Thin Slab Casting (TSC) and Strip Casting (SC). To describe an example, SC allows the direct casting 
of thin strip from liquid steel, in gauges currently ranging from 0.8mm to 2.0 mm. In addition to the 
substantial energy savings that it brings, the process is more tolerant to high residual elements without 
loss of quality, enabling greater flexibility in ferrous feed sourcing. Consequently, the process allows 
higher scrap recycling and reduces dependence on pig iron or DRI [13]. Continuous casting, TSC and SC 
methods are illustrated in Figure 3. It can be noted that the NNSC involve smaller production lines and 





2.2 Rolling mills and work rolls, description 
In the past it used to take weeks to produce coiled strip from iron ore. Now, in NNSC (most start with 
scrap in electric arc furnaces) the time between melting and coiling is less than a day. Strip is rolled in 
one heat which means that after melting, the material cools down completely only after rolling is 
finished. At the end of this section, a very complete diagram (Figure 5) displays the process from 
continuous casting to cold mill. 
 
Rolling mills and work rolls require capital intensive investments and are usually subject to continuous 
maintenance. Besides, any production line stoppage as when a roll needs to be replaced means long 
hours of down time. This equals a lot of money, and as a consequence, continuous research and 
improvement in rolling mills is being carried out. Many rolling mills were built several decades ago, but 
are still in use, thanks to continuous modernisation. A new plant concept named near net shape casters 
(NNSC) allows a reduction of process steps. NNSCs means casting close to the final form and dimension 
of the final product so the deformation (hot rolling) process can be minimized or even omitted [14]. 













Figure 5: Diagram from continuous casting to cold mill [17] 
2.2 Hot and cold rolling 
The differences between hot and cold rolled steel relates to the way that these materials are processed 
at the mill, and not the product specification or grade. Hot rolled steel involves rolling the steel at high 
temperatures, where cold rolled steel is processed further in cold reduction mills. In the latter process, 
the material is cooled followed by annealing and/or tempers rolling [18]. Rolling is then classified 
according to the temperature of the metal that is rolled, as it is described following. The products 
obtained by these processes are shown in Figure 6. 
2.2.1 Hot rolling  
Hot rolling mills process the steel at a high temperature, i.e. above recrystallization temperature (ca 
˃0.5 Tm). When steel is above the recrystallization temperature, nucleation and growth of strain-free 
grains in the deformed matrix takes place. As these grains grow, the dislocations in the matrix are 
annihilated at the boundaries of the newly formed grains. Strength and hardness decrease 
considerably and ductility increases. Thanks to this process, the steel can be shaped and formed easily, 
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and the steel can be made in much larger sizes. Hot rolled steel is typically cheaper than cold rolled 
steel due to the fact that it is often manufactured without any delays in the process, and therefore the 
reheating of the steel is not required (as it is with cold rolled). When the steel cools off it shrinks 
slightly, thus giving less control on the size and shape of the finished product when compared to cold 
rolled. There is less control over the final size and shape than cold rolling [18].  
Hot rolled steel is used in situations where precise shapes and tolerances are not required. This 
includes for example hot rolled steel bars that are used in the welding and construction trades to make 
railroad tracks and I-beams. 
2.2.2 Cold rolling 
Cold rolled steel is usually carried out below 0.25 Tm and basically follows hot rolling. This is carried 
out for several reasons: to achieve a better shape and profile, and to improve the surface or mechanical 
properties. In these mills, the material is rolled at room temperature followed by annealing and/or 
tempers rolling. The steel produced achieves closer dimensional tolerances and a wider range of 
surface finishes. The metal’s yield strength and hardness increase compared to the hot rolling process. 
Examples of cold rolled products are projects where tolerances and surface conditions are highly 
relevant. Example of hot and cold rolled products are observed in Figure 3. 
 
Figure 6: Hot and cold rolled steels [19] 
2.3 Loads, damages and required properties of working 
rolls 
In this chapter the following work roll damages are explored: wear, deflection, fire-cracking (thermal 
cracks), peeling, banding and break.  
Rolls must be able to resist very high thermal and mechanical stresses, as well as high tribological and 
chemical loads; rolls are thus exposed also to oxidation. Critical mechanical properties are hardness, 
yield strength, toughness, thermal conductivity and thermal expansion, resistance to thermal and 
mechanical cracking and resistance to oxidation and to wear.  Last but not least, the roll surface must 
be of a quality good enough in order to produce a good quality steel sheet surface.  
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Rolls need to be capable to withstand loads (i.e. mechanical loads (bending and normal contact 
pressures with rolled material)) that will plastically deform the steel that is to be rolled, without itself 
being plastically deformed.  
The following diagram can be used as a reference to understand the development roll shear strengths. 
It is estimated by dividing the roll force/unit by the projected contact length varied from a low of 950 
MPa to a high of 2000 MPa, corresponding to reductions of 40-68% [14]. Figure 7 curve shows the 
behaviour of shear strength vs. roll pressure. Additionally, Figure 8 describes distributions of 
interfacial frictional shear stresses and work roll pressures.  
 
Figure 7: The shear strength of the bond as a function of the roll pressure [20]. 
 
Figure 8: [a] Roll pressure and friction stress during hot rolling of an aluminium strip, obtained with the use of pins and 
transducers embedded in the work roll. [b] Roll pressure and friction stress during hot rolling of steel, obtained with the use of 
pins and transducers embedded in the work roll [20]. 
An example of main parameters offered in a rolling system (roughing) by the company Xian Weikeduo 
from China are detailed in Table 4. 
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Table 1: Example of parameters of roughing rolls [21] . 
 
The roll force varies according to the radius of deformed arc of contact, which increases with increasing 
roll flattening. Besides getting flattened, rolls also get deflected due to bending and shear (these 
effects can be seen in Figure 9). Rolls supported on bearings may be regarded as beams. Additionally, 
temperature influences the work roll profile. The part of the roll in contact with the work-piece is 
hotter than the part outside the width of the work-piece. This causes differential radial expansion 
across the length of the roll and the roll profile gets distorted. Additional roll displacement takes place 
due to elastic deformation or the structure under heavy loads acting on it. The combined effect causes 
the actual roll gap to be increased [22]. 
 
Figure 9: Deflection and flattening of work roll [23]. 
Work Roll wear is a complex process characterized by the simultaneous operation of several surface 
degradation phenomena. The essential target of the rolling mill is to keep the shape, profile and 
surface roughness as close as the initial ones. Friction and consequently also wear occur when 
materials move and slide relative to each other. In rolling mills, this happens mainly at the areas of 
highest friction, which is between the roll and the rolled material. Wear is not equally distributed on 
the barrel in axial direction since tribological conditions (normal and shear stresses, temperature and 
relative sliding length) in contact between roll and rolled material are not equal over the strip width.  
In the rolling surface, changing temperatures during each rotation (Figure 10) create fire-cracks 
(thermal cracks, Figure 11), influencing friction and wear. In the case of a mill stop, the strip can remain 
in contact with the work rolls for a considerable time. The temperature of the roll surface increases 
rapidly in the contact area and heat penetrates deeper into the roll body. The compressive stresses 
induced exceed the hot yield strength of the roll material. During roll rotation in time when the roll is 
not in contact with hot rolled material water cooling takes place that leads to tensile stresses on roll 
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surface layer. By repeating of the heating and cooling cycle on roll surface layer and in combination 
with mechanical stresses (i.e. stresses caused so by contact with rolled material and by contact with 
backup (support) roll as well as by roll bending) starts to crack that leads to spalling of roll surface layer. 
Thus, mentioned thermal and mechanical stresses on the roll surface layer are high alternating and 
beyond the fatigue limit leading to formation of cracks in roll surface as well as in the roll interior. In 
the second stage these micro cracks propagate and link together, which leads to spalling of material 
from roll surface layer.  
 
Figure 10: Thermal and mechanical loads on hot-rolling work roll [24]. 
 
Figure 11: Fire (thermal) Cracks [25]. 
Another factor that impacts on the wear of the roll are the cooling agents used as lubricants or 
chemical additives. These factors damage the roll surface. 
During rolling, a thin layer of oxide is formed on the roll surface within the rolling width. This layer 
grows as function of the roll surface temperature when leaving the roll bite and time of exposure to 
air at high temperatures. This oxide layer is submitted to alternating shear stresses due to the 
difference of surface speed of strip and roll. Once the fatigue strength of this oxide layer is exceeded, 
peeling of this layer start. Peeling is characterized as long as only the oxide layer is sheared away while 
the basic roll material remains intact and continues resisting shear forces. Figure 12 illustrates this 
effect on the work roll.  




Figure 12: Oxide peeling [25]. 
This oxide peeling damage is characterized as a partial removal of the barrel surface oxide layer in the 
circumferentially aligned strips or bands. The areas of the barrel that experience peeling display a 
bright surface finish. This effect occurs typically in the early stands where the strip temperatures are 
the hottest. 
Banding is another effect damaging roll. It occurs when heavily peeled bright areas appear on the work 
roll oriented in the circumferential direction and very often in the form of bands with a very rough 
surface. I general it occurs in the early finishing stands of hot mills. In this case, alternating friction 
forces in combination with alternating thermal loads exceed the hot fatigue shear strength of the shell 
material. Surface parallel cracks within the depth of primary cracks develop and propagate until the 
fire-cracked areas are sheared away from the roll. Once the roll surface is locally deteriorated, peaks 
of shearing forces are induced which lead to a very fast development of peeled bands around the roll 
barrel [26]. This effect is showed in Figure 13. 
 
Figure 13: Banding of work roll [25]. 
2.4 Manufacturing of Rolls 
The weight of rolls may vary from a few kilograms up to 250 tonnes. Casting and forging processes are 
preferred methods for the manufacturing of work rolls. On one side, centrifugal casting (Figure 14) 
enables the manufacturing of duplex rolls. In this method two materials are combined giving the 
flexibility to select a high strength core with a hard, wear resistant shell material. In Figure 15 a cross 
section of a duplex roll illustrates how the inner core has lower hardness than the outer part. The outer 
layer is alloyed in order to be wear resistant (harder) as it is the area that is in contact with the material 
to be rolled. On the other hand, forging (Figure 16) is a more expensive method that combines a good 
mixture of hardened surface with high resistance to wear, heat check and tough core resistance to 
breakage. It has also a very good hardness profile from surface to core and very high resistance to 




Figure 14: Centrifugal casting of rolls [27].  
 
Figure 15: Section of a centrifugally cast roll. Hardness measurement in different points [27]. 
 
Figure 16: Forging of rolls [28]. 
As it can be seen, in duplex casting, two materials are cast into a cylindrical shape. This can be done 
into a static vertical casting or into a horizontal centrifugal casting. After that, machining could be 
attributed as the most important step. Heat treatment follows.  
Regarding the forging method, ingots are heated, forged and then machined. Heat treatments follow 
the same way as in duplex casting. These are the main ways for hot roll manufacturing.  






Figure 17: Manufacturing of rolls by casting [29]. 
 
Figure 18:  Manufacturing of rolls by forging [30]. 
2.5 Materials for work rolls 
As M. Nilsson and M. Olsson point out in their research work [3], in the finishing stands for steel rolling, 
mainly three types of materials are used for the work rolls. High speed steel (HSS) and HCR iron (HCr) 
are used in the early stands and indefinite chill iron (IC) in the last two or three stands.   
In general, the microstructure of these materials consists of a tempered bainite–martensite matrix, 
with a complex distribution of carbides. In the case of IC material, it also includes free graphite. The 
last material developed was HSS, which has led to large improvements in hot rolling, such as higher 
wear resistance, better quality of the strip and extended lifetime. Park [31] and Ziehenberger [32] have 
found HSS materials to have three to four times higher wear resistance than HCr rolls. The latter 
investigation found that the HCr rolls could be used 7400 tons/mm (amount of product rolled per 
amount of roll material used) while HSS rolls could be used 22800 tons/mm. To enhance the wear 
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resistance of HSS even more, the author recommends to increase the hardness of the hardened 
martensitic matrix and to form a large amount of hard carbides. Belzunce et. al [33] observed that the 
high friction coefficient of HSS prevents their use in the last finishing stands of the mill, where strip 
temperature is lower, the rolling load is very high and the most important action is abrasive wear. This 
would have a worse effect in the HSS material. 
Renato Rufino et. al [34] explains in their article “Successful Strategy for HSS Rolls Implementation” 
the development of roll materials for hot rolling. First, Adamite cast steels replaced the indefinite cast 
iron used in all the stands. The Adamite rolls are nowadays practically out of use for that application, 
having been replaced by HCR iron rolls at 2.5 to 3% carbon and 14 to 18% chromium with molybdenum 
and nickel contents necessary to provide hardenability and mechanical resistance. HCR iron rolls are 
being replaced by high speed steel (HSS) rolls throughout the steel industry. Table 2 describes chemical 
composition, microstructure and hardness of roll materials. HSS is a cast alloy with a Fe-C-Cr-W-Mo-V 
system, which has better surface roughening and wear resistance. The alloy design of the high-speed 
steel for rolls is based on the composition of M2 steel, containing large volume fractions of vanadium 
carbide produced by increasing the carbon and vanadium contents. The higher wear resistance and 
heat resistance of these alloys fulfil the main requirements involved in this type of application. 
Table 2: Chemical composition, microstructure and hardness of roll materials [34]. 
 
HCR is similar to high Cr iron but containing lower carbon content of 1.0-1.8%. HCR rolls are used in 
roughing stands and some early finishing stands of Hot Strip Mills. 
Enhanced HCR Rolls are alloyed with Nb, V and W to improve the wear resistance [35]. Table 3 displays 
typical composition of HCR rolls: 
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As mentioned before by Renato Ruffino [34], high-speed steel materials are cast alloys of the Fe-C-Cr-
W-Mo-V system. Microstructure consists of undissolved excess carbides in a matrix of martensite. The 
shell solidification is characterized by primary austenite dendrites formation, followed by interdentritic 
liquid decomposition through different eutectic reactions, leading to γ + MC (Vanadium), γ + M2C 
(Tungsten and Molybdenum) and γ + M7C3 (Chrome) formation. The eutectic carbides formed during 
the solidification of high-speed steels show higher values of hardness in comparison with the M7C3 
carbides. Figure 19 displays typical microstructures of a high chrome iron and two different types of 
high-speed steel material. In Figure 19a, HCR iron microstructure shows eutectic carbides (M7C3) are 
distinguished within a martensitic matrix. Eutectic carbides provide the high hardness necessary for 
abrasive work.  
During the solidification of high-speed steels, different types of eutectic carbides can be formed: MC, 
M2C or M6C, M7C3. In Figure 19b, HSS microstructure contains carbides as MC and M7C3 (eutectic) 
dispersed in a martensitic matrix. Furthermore, Figure 19c displays another microstructure containing 
finer carbides as M2C in a martensitic matrix.  
 
 
Figure 19: Microstructures of: (a) HCR Iron. Presence of eutectic carbides (M7C3) in a martensitic matrix. (b) High Speed steel 
M7C3 precipitate rich in martensitic matrix (c) High Speed steel M2C precipitate rich in martensitic matrix [37]  
In Figure 20, an example of an HCR steel microstructure can be seen at different magnifications (100X 
and 400X). Both microstructures consist of tempered martensite containing secondary chromium 
carbides. 




Figure 20: SCrH72C High Chromium steel - Tempered Martensite with secondary chromium carbides (a) magnification of 
x100 (b) magnification of x400 [38]. 
2.5.2 Mechanical properties 
Although HSS has lower volume fraction of eutectic carbides than HCR iron, it presents superior 
strength. This is probably due to its matrix of higher hardness and the presence of harder and finer 
carbides. Comparison of mechanical properties between HSS and HCI is described below in Table 4: 
Table 4: Mechanical properties of high-speed steel (HSS) and HCR iron (HCI) [34]. 
 
The high HSS resistance to wear, as compared to HCR irons, is attributed to the harder carbides formed 
during the HSS solidification and the presence of a harder matrix. A possible difference between 
matrices is the precipitation hardening of the high-speed steels due to the higher content of 
molybdenum in relation to HCR irons (see Table 5). Table 5 displays the wear rate and the respective 
micro hardness of these three different materials after heat treatment of quenching and double 
tempering. The wear rate is obtained from a pin-on-disc test, measuring the angular coefficient on the 
graphic of wear loss vs. distance. The higher wear resistance was shown by the HSS (B) which has the 
higher hardness value. 








3 Experimental work 
3.1 Materials used and chemical composition 
In our investigation High-Chromium Steel (HCr, named Obla-Cr12) and CGHSS were used for thermal 
fatigue testing.  
The first material used in this thesis is HCR, named Obla-Cr12. The composition is described in Table 6. 
Table 6: Chemical composition wt % of Obla-Cr12. 
C Si N Si Mn P S Cr Cu 
1,650 0,020 0,0373 0,654 0,7309 0,0165 0,0095 11,279 0,064 
 
Ni Mo V Ti Nb Al Sn W Co 
1,940 1,169 0,253 0,00050 0,0050 0,0030 0,0052 0,010 0,0167 
 
This material is characterized by its good wear resistance and hardness at high temperatures. Many 
types of carbides are present in these alloys, each having different effect upon their final properties. 
This material will be evaluated for thermal fatigue, both as as-cast and in two different states of 
deformation. Regarding these two deformation states, first group of bars of 15 mm diameter were 
forged down to 12 mm of diameter. After that, another group of bars were deformed one step further, 
down to 10 mm of diameter. This was done in order to induce internal strains, which were 0.23 and 
0.41, respectively. The formula used for this calculation is shown in section 3.2. 
The second material used was CGHSS. We can see its composition in Table 7. 
Table 7: Chemical composition wt % of CGHSS. 


















3.2 Description of deformation conditions for HCR 
steel, preparation of test specimen and test 
conditions 
Dimensions of test samples are given in Figure 21 while Figure 22 offers a real picture of the sample. 
Samples made of CGHSS were not deformed and were made only for as cast state. On other hand, HCR 
test samples, besides being used in as-cast state, they were also made for two different degrees of 
deformation whereas initial dimensions were Ф15mm x 60mm.  The samples were hot forged down 
to diameter of 12 and 10 mm, respectively. The average strain was calculated using the following 
formula: 
𝑆𝑡𝑟𝑎𝑖𝑛 = ln (
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑑𝑖𝑜







Figure 21: Dimensions of the specimen 
 
 
Figure 22: Picture of real samples. 
In Gleeble 1500D, test samples were tight fisted between two cooper anvils on both sides of samples 
as presented in Figure 23. The samples were tested at temperature of 650℃: the time course during 
testing is given on Figure 24-25, were heating and internal water cooling period is denoted. In Table 8 
testing conditions and amount of strain for each individually tested samples are described. For 
convenience, following are the names that were used for the specimens. Three samples (S1, S2, S3) 
were obtained from HCR as as-cast (no deformation), three (S4, S5, S6) were from the same material 
with small deformation (value of strain equal to 0.23) and three (S7, S8, S9) from the same material 
with higher deformation (value of strain 0.41). Finally, a fourth group (S10, S11, S12) was prepared 






Figure 23: Gleeble 1500 D for thermal testing. 
Table 8: description of prepared specimens  




S1 HCR 0 650 2500 
S2 HCR 0 650 750 
S3 HCR 0 650 250 
S4 HCR + 0.23 650 2500 
S5 HCR + 0.23 650 750 
S6 HCR + 0.23 650 250 
S7 HCR ++ 0.41 650 2500 
S8 HCR ++ 0.41 650 750 
S9 HCR ++ 0.41 650 250 
S10 HSS 0 650 2500 
S11 HSS 0 650 750 
S12 HSS 0 650 250 
 
3.3 Thermal fatigue test 
Thermal fatigue test was performed in a Gleeble 1500 D (Figure 23), which is appropriate for thermal 
simulations. The program was set in five steps (Figures 24-25): 
1) Heating 2 seconds to 650 °C. 
2) Hold temperature 650°C for 0.2 sec. 
3) Heating shutdown. 
4) Cooling with water for 0.5 sec. 










Figure 24: Temperature – Time diagram: phases of the Thermal cycles performed at Gleeble 1500D 
In Figure 25, temperature-time diagram demonstrates how the cycle was performed in the Gleeble 
1500D. 
 
Figure 25:  Temperature-time diagram for test samples. 
Conductive heating is in charge of the rapid increase in temperature to 650°C in 2 seconds. Cooling 
fluids, both water and air were controlled by a pair of magnetic computer-controlled valves. This 
simulates the actual conditions of a hot rolling process. The samples were loaded freely within the jaws 















In the first part of this study, HCR (HCR) and High-Speed Samples (HSS) were grouped by the number 
of cycles that they were subjected to, as it displays Table 8. In this case, there is no deformation in the 
materials. Therefore, first group includes S1 and S10 (cycled 2500 times - green), second group and 
S11 (cycled 750 times - blue) and the third S3 and S12 (cycled only 250 times - red).  
In the second part of the thesis, HCR samples were strained at three different levels and subjected to 
thermal cycles at three different numbers. The result, as Table 8 shows, is nine samples. Therefore, 
first group includes S1, S4 and S7 (cycled 2500 times, 0 strain), second group S2, S5 and S8 (cycled 750 
times, +0.23 strain) and the third S3, S6 and S9 (cycled only 250 times, ++0.41 strain).  
3.4 Measurement of cracks on axial cross-section 
After testing, the samples were sectioned in axial direction (see Figure 26) and one half also in radial 
direction, which was prepared for metallographic examination. After that the samples were subjected 
to a four-step grinding (P600, P800, P1200, P2500). They were also cleaned thoroughly between steps 
with alcohol and dried using the blow hose gun. After grinding, the samples were gently polished 
employing a diamond paste. 
The samples were observed by optical microscope Olympus CX31 (Figure 27a) mostly at 100X 
magnification. Occasionally it was also necessary to magnify at 50X in order to capture the longest 
cracks. Crack length was measured in every sample, taking 10 mm both in the upper and lower area as 
shown in Figure 26. Following step was to take pictures of each sample by means of a 
Stereomicroscope Olympus SZ (Figure 27b) at different magnifications, from 8.70X to 45X.  
 




Figure 27: (a) Optical microscope Olympus CX31 (b) Stereo microscope Olympus SZ. 
4 Results and discussions 
4.1 Initial microstructure of HRC and CGHSS materials 
4.1.1 Initial microstructure of as-cast CGHSS 
The microstructure of CGHSS is composed of graphite and carbides particles (primary as Nb and 
eutectic) in a martensitic matrix containing fine secondary carbides. Carbides are types M6C (being 
molybdenum) and vanadium carbide (VC). Figure 28a displays SEM observations while details with 
denoted spots for EDS analysis are given in Table 9. In Figure 28b Spot 1 and 2 represent Nb Carbides. 
Spot 3 denote primary V carbides whereas spot 4 eutectic carbides. Furthermore, graphite particles 
are observed under spot 5. Lastly, martensitic matrix is denoted by spot 6. Eutectic carbides are in 






Figure 28: [a] Initial microstructure of CGHSS: undissolved excess carbides in a martensitic matrix [b] EDS analysis of CGHSS. 
(1) and (2) represent primary Nb Carbides. (3) V carbides. (4) Eutectic Carbides (Mo) (5) Graphite particles (6) Martensitic 
matrix containing secondary carbides. 
Table 9: CGHSS microstructure EDS results in wt. % 
 Spot 
 1 2 3 4 5 6 
Si 0,36 0,56 2,68 2,84   2,78 
Ti 4,59 2,31         
V 12,74 21,18 3,18 1,25   0,54 
Cr 0,51 0,49 4,91 3,44   1,05 
Fe 2,41 7,87 72,06 78,64   87,14 
Nb 79,38 67,61         
Mn     1,44 1,12   0,79 
Ni     2,41 4,35   6,82 
























4.1.2 Initial microstructure of as cast and deformed HCR  
The microstructure of HCR as-cast steel consists of hard primary carbides (Cr) with an added amount 
of harder carbides (Mo, V), eutectic carbides and tempered martensitic matrix with secondary carbides 
(Figure 29).  
In Figure 30a-b it can be seen that primary and eutectic carbides cracking occurred due to high 
deformation (average strain amounted 0.23). In Figure 31 is shown that cracking of primary and 
eutectic carbides increases with increasing of applied strain (i.e. in this case average strain amounted 
0.41). 
On the other hand, the matrix of tempered martensite exists due to applied deformation elongated 
while carbides start to crack; this is consequence of too high strains, which are starting points for 
accelerated cracking at thermal fatigue testing. Furthermore, on the deformed specimen with average 
strain of 0.23 (see  Figure 30a and with more detail on Figure 30b) density of carbides cracks is lower 
in comparison to density of carbides cracks on Figure 31, where average strain on deformed samples 
is 0.41.  
 
Figure 29: Initial microstructure of as-cast HCR [a] (1) Represent the Cr carbides while (2) represent the tempered martensite 
matrix. Graphite particles are spotted [b] another detail of HCR (3) Eutectic carbides (4) Primary carbides. Secondary 
carbides are embedded in the martensite matrix.  
Matrix of Tempered 
Martensite with fine 
secondary carbides 
Carbides 



















Figure 30: Initial microstructure of deformed HCR (12 mm) (strain= 0.23). [a] Microstructure of hard primary carbides starts 
cracking. Matrix of tempered martensite is elongated due to the deformation applied. Deformation is 0.23. Lamellar eutectic 
carbides are found as well as primary carbide cracks[b] cracks link to each other and thick primary carbide crack is spotted. 
 
Figure 31: Initial microstructure of deformed HCR (strain= 0.41). Cracking appears in elongated primary carbides and matrix 
is strongly deformed. Eutectic carbide cracks are observed. 
Chemical composition of microstructural constituents of HCR (Figure 29) is detailed in Table 10. This 
was obtained by EDS. Spot 1 accounts for a primary carbide mainly of Cr. Spot 2 represents the matrix. 
Spot 3 denotes eutectic carbides. Lastly, spot number 4 accounts for a Mo based primary carbide. 
Table 10 HCRS microstructure EDS results wt. % 
 Spot 
 1 2 3 4 
Cr 42 9 47 53 
Fe 44 88 46 35 









HCR - 0.41 strain  
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4.2 Results of tested samples 
4.2.1 Appearance of cracks in tested HCR and CGHSS 
Thermal fatigue results and comparison between HCR (high chromium steel), deformed HCR and CG 
HSS (high speed steel) is performed. After preparing samples as described in the previous section, the 
optical microscope was used for the measurement of length of cracks. An example of appearance of 
cracks in as-cast CG HSS at 250 cycles is shown in Figure 32. 
 
Figure 32: Example of crack appearance on sample cross section and its measurement using optical microscope – as cast CG 
HSS 250 cycles 
 
4.2.2 Macrographic and micrographic analysis of tested samples at different numbers of 
thermal cycle 
In this section, micrographs of both materials are compared at similar conditions. This is at 250, 750 
and 2500 cycles. Pictures that show an overview of the tested samples at lower magnifications are 
taken by means of stereo microscope. Surface cracking is analysed in more detail as a result of higher 
magnifications provided by SEM. 
4.2.2.1 Appearance of crack networks at 250 cycles for CG HSS and HCR in as-cast state. 
Appearance of crack network for CG HSS and HCR at 250 cycles are given Figure 33 and Figure 34, 
respectively. The tested materials exhibit important differences. Cracks propagate radially inside the 
sample starting on the water-cooled surface, i.e. perpendicular to cooled surface. It occurs similarly 
around the internal circumference of the heated and cooled cylinder. The formation of crack network 
is in process.  
Figure 34 illustrates a greater number of cracks, meaning that nucleation at primary and eutectic 
carbides was easier at as-cast HCR. Cracks are in the process of linking to each other. During continuous 
heating and cooling cycles, carbides are not able to follow the matrix dilatation; as a consequence, 
external cracks start to nucleate by cracking of carbides as well as at the interface between carbide 
and matrix. In this figure crushing of superficial eutectics and carbides at the cooled surface is 





Figure 33: Micrographs of appearance of surface cracks on test sample 12- as-cast CG HSS at 250 cycles: (A) Sample cross-
section using stereo microscope at 10 X (B) Appearance of crack networks on cooled surface using stereo microscope at 35 X  
and (C) SEM observation at 100X. Cracks are starting to nucleate. Cracks are developed in the outer surface and propagate 
towards the inner surface. Only primary cracks are found. Oxide follows the crack. 
 
 
Figure 34: Micrographs of appearance of surface cracks on test sample 3-as cast HCR at 250 cycles: (A) Sample cross-section 
using stereo microscope at 10 X (B) Appearance of crack networks on cooled surface using stereo microscope at 35 X and (C) 
SEM observation at 100X. Cracks are starting to nucleate. Only primary cracks are found. Higher density of cracks is 
observed 
 
4.2.2.2 Appearance of crack networks for deformed states at 250 cycles for HCR. 
HCR deformed samples show smaller cracks (Figure 35 (for strain 0.23) and Figure 36 (for strain 0.41)). 
Cracks start to nucleate in lower degree than in as-cast samples (see Figures 34). Thermal cracks visible 
in Figure 35c and 36c. Cracks start to grow on the cooled surface and grow radially. Figure 36b offers 
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a view of appearance of crack networks on cooled surface using stereo microscope at 35 X. Nucleation 
of larger cracks on both deformed samples is lower in comparison to as-cast state for 250 thermal 
cycles. 
 
Figure 35: Micrographs of appearance of surface cracks on test sample 6-Deformed HCR at 250 cycles (0.23 strain): (A) 
Sample cross-section using stereo microscope at 10 X (B) Appearance of crack networks on cooled surface using stereo 
microscope at 35 X  and (C) SEM observation at 100X. The cracks are less visible than in the as-cast sample. 
 
 
Figure 36: Micrographs of appearance of surface cracks on test sample 9-Deformed+ HCR at 250 cycles (0.41 strain): (A) 
Sample cross-section using stereo microscope at 10 X (B) Appearance of crack networks on cooled surface using stereo 
microscope at 35 X and (C) SEM observation at 100X. The cracks are less visible than in the as-cast and deformed samples, 
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4.2.2.3 Appearance of crack networks at 750 cycles for HSS and HCR in as-cast state. 
At 750 thermal cycles cracks become wider and thicker for both cases, i.e. HSS and HRC samples. Radial 
cracks grow further and simultaneously laterally link together. Thermal cycles affect surface layer in 
depth of more than 1 mm. Figure 37 shows HSS-as cast at 750 cycles. Cracks nucleated at the cooled 
surface which grow along carbides start to link. Occurrence of secondary cracks is also visible. 
 Figure 38 demonstrates the process of growth of cracks at the surface. As more cracks are nucleated, 
more cracks also link together laterally, i.e. formation of crack-networks is still in progress. A greater 
number of superficial cracks and higher density of cracks than at CG HSS material are observed 
(compare to Figures 37).  
 
Figure 37: Micrographs of appearance of surface cracks on test sample 11 – CG HSS-as cast at 750 cycles: (A) Sample cross-
section using stereo microscope at 10 X (B) Appearance of crack networks on cooled surface using stereo microscope at 35 X  
and (C) SEM observation at 100X. Cracks start to be severe at 750 cycles. 
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Figure 38: Micrographs of appearance of surface cracks on test sample 2- as-cast HCR at 750 cycles (A) Sample cross-section 
using stereo microscope at 10 X (B) Appearance of crack networks on cooled surface using stereo microscope at 35 X and (C) 
SEM. Cracks still growing in lower degree than CG HSS as-cast. 
4.2.2.4 Appearance of crack networks for deformed states at 750 cycles for HCR. 
At 750 thermal cycles, deformed HCR samples (Figure 39 (for strain 0.23) and Figure 40 (for strain 0.41) 
continue to exhibit less number of cracks than samples in as-cast state. This can be sustained by 
quantitative assessment in Table 11. However, Figure 39b (for strain 0.23) displays a severe spalling at 
the surface due cracking of carbides. Internal cracks below the surface suffer from oxidation due to 
initial cracking of carbides as consequence of deformation of material. 
Figure 40c exhibits linking of cracks formed at different initial spots at the surface. Crushing of material 
at the surface has a negative effect in the material properties producing roughness. 
  
Figure 39: Micrographs of appearance of surface cracks on test sample 5 - deformed HCR (0.23 strain) at 750 cycles: (A) 
Sample cross-section using stereo microscope at 10 X (B) Appearance of crack networks on cooled surface using SEM at 100X  
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Figure 40: Micrographs of appearance of surface cracks on test sample 8 - deformed + HCR (0.41 strain) at 750 cycles: (A) 
Sample cross-section using stereo microscope at 10 X (B) Appearance of crack networks on cooled surface using stereo 
microscope at 35 X  and (C) SEM at 100X. Link of superficial cracks. 
4.2.2.5 Appearance of crack networks at 2500 cycles for CG HSS and HCR in as-cast state 
At 2500 cycles, cracks are clearly more visible than at lower cycle numbers. Micrographs of CG HSS 
(Figure 41) show larger cracks than HCR (Figure 42) but fewer in number. Cracks have become wider 
and deeper than at lower cycles. CG HSS cracks continue growing to the specimen internal. Secondary 
cracks also occurred. Cracks also link together laterally. In Figure 41c internal axial cracks can be seen, 
as well as oxide along the cracks. This oxidation favours crack growth.  
Figure 42b illustrates how the crack network is extended in the materials as a consequence of the high 
number of cycles performed. Secondary cracks are formed. 
   
Figure 41: Micrographs of appearance of surface cracks on test sample 10 – CG HSS at 2500 cycles: (A) Sample cross-section 
using stereo microscope at 10 X (B) Appearance of crack networks on cooled surface using stereo microscope at 35 X  and (C) 

















Figure 42: Micrographs of appearance of surface cracks on test sample 1 - HCR at 2500 cycles (A) Sample cross-section using 
stereo microscope at 10 X (B) Appearance of crack networks on cooled surface using stereo microscope at 35 X  and (C) SEM 
at 100X. Appearance and growth of secondary cracks. 
 
4.2.2.6 Appearance of crack networks for deformed states at 2500 cycles for HCR  
At 2500 cycles, the deformed HCr samples show better behaviour than as-cast state at same number 
of cycles.  
Deformed samples show weaker effect on cracking as it can be clearly seen in Figure 43: Micrographs 
of appearance of surface cracks on test sample 4 – deformed HCR (0.23 strain) at 2500 cycles: (A) 
Sample cross-section using stereo microscope at 10 X (B) Appearance of crack networks on cooled 
surface using stereo microscope at 35 X  and (C) SEM at 100X. Figure 43 and Figure 44 (for strain 0.41) 
show high crushing of materials at the surface due to high degree of cracked of carbides in initial 
material as well as high number of thermal cycles. However, number of cracks at the surface and 
growing radially to the internal surface are not high. This is confirmed in section 4.2.3. and probably 
due to deformed carbides that make growth harder. On other hand, due to spalling of surface layer 








Figure 43: Micrographs of appearance of surface cracks on test sample 4 – deformed HCR (0.23 strain) at 2500 cycles: (A) 
Sample cross-section using stereo microscope at 10 X (B) Appearance of crack networks on cooled surface using stereo 
microscope at 35 X  and (C) SEM at 100X. Crushing of material increases roughness. 
  
Figure 44: Micrographs of appearance of surface cracks on test sample 7 – deformed + HCR (0.41 strain) at 2500 cycles: (A) 
Sample cross-section using stereo microscope at 10 X (B) Appearance of crack networks on cooled surface using stereo 
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4.2.3 Quantitative assessment of thermal fatigue resistance 
Table 11 shows the summary of results of crack measurement analysis and calculation, i.e. assessment 
of thermal fatigue resistance. Additionally, both materials are compared in more detail by means of 
diagrams.  
For this analysis, the following points were measured: 
• Number of cracks: it is the counting of cracks performed under optical microscope over the 
two surfaces from Figure 26. Figure 32 exhibits an example of crack measurement. 
• Largest crack: this number is the largest crack found in each sample. It is the longest crack 
developed in the sample. 
• Mean length of 7 largest cracks: this number is obtained from the average of the 7 largest 
cracks found in each sample. 
• Density of cracks: this number is obtained from the sum of the numbers of cracks found in the 
sample divided by the number of millimetres that these cracks summed altogether.  
• Average length of all cracks: an average of the sum of all cracks was taken. 




















units (μm) (μm) (cracks/mm) (mm/crack) 
250 12 99 1067,97 928,82 9,9 192,22 0 strain CG HSS 
250 3 121 861,61 556,56 12,1 78,67 0 strain HCR 
250 6 122 366,41 283,69 12,2 59,54 Deformed (0.23) HCR 
250 9 76 268,9 214,16 7,6 52,65 +Deformed (0.41) HCR 
750 11 106 1455 1165,19 10,6 233,02 0 strain CG HSS 
750 2 142 893,4 753,32 14,2 85,12 0 strain HCR 
750 5 136 587,63 512,27 13,6 83,12 Deformed (0.23) HCR 
750 8 95 435,57 360,05 9,5 77,25 +Deformed (0.41) HCR 
2500 10 107 1576,18 1168,38 10,7 236,58 0 strain CG HSS 
2500 1 162 1089,25 796,22 16,2 115,95 0 strain HCR 
2500 4 141 835,84 610,18 14,1 109,12 Deformed (0.23) HCR 
2500 7 102 673,48 580,4 10,2 93,21 +Deformed (0.41) HCR 
 
For the three cycle numbers, CG HSS has experienced larger crack growth, as shown in Figure 45. The 
same applies for 7-lagest crack mean and length average of cracks (Figure 46 and Figure 48). However, 
density was found lower in CG HSS material. 
4.2.3.1 Comparison in largest cracks  
Largest cracks are listed in a Table 12 and a diagram is shown in Figure 45. Crack length increases with 
cycles. Longest cracks at each cycle number interval is experienced by CG HSS material. Increase in 
crack length approximates to a linear dependence to the number of cycles performed.  
As-cast CG HSS exhibits larger crack length when compared to as-cast HCR; the ratio between maximal 
crack length amounted of 1.25 at 250 cycles and 1.45 at 2500 cycles.  
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If as-cast HCR is compared with the deformed states, the biggest difference is found at low cycle 
numbers (250). This difference is extremely high with a value of 2.35 times if we compare as-cast HCR 
with deformed (0.23 strain) HCR. The ratio stays almost constant at high values of cycles (2500 cycles). 
If we compare as-cast HCR with the most deformed (0.41 strain) HCR sample the difference is of 3.2 at 
250 cycles. This difference in largest crack decreases to 1.6 at 2500 cycles. 
Difference between as cast CG HSS and as cast HCR in largest crack length is smaller at 250 cycles (1.23 
times larger CG HSS) than at 2500 cycles. At 2500 cycles this difference in crack length increases (1.44 
times larger CG HSS). One reason can be that oxidation is increased at higher cycle numbers and affect 
more CG HSS material. 
Lastly, we can compare CG HSS with HCR deformed (0.41 strain). At 250 cycles CG HSS developed 3.98 
times larger crack, whereas at 2500 cycles 2.34 times larger crack. 
Table 12: Largest crack comparison between HCR and CG HSS at 250/750/2500 cycles 
 Largest Crack (μm) 
N° 
Cycles 





250 1067,97 861,61 366,41 268,9 
750 1455 893,4 587,63 435,57 
2500 1576,18 1089,25 835,84 673,48 
 
 
Figure 45: Comparison of largest crack: HCR vs CG HSS 
4.2.3.2 Mean length of 7-Largest cracks and largest crack 
A mean of the length of seven largest cracks is listed for each material at each state (Table 13). 
Corresponding diagram is observed in Figure 46. The average length of the 7 longest cracks increases 
with the number of thermal cycles performed. A linear relation is found between each material and its 
length versus the tested cycle numbers. The largest number of 7-largest mean for each number of 
cycles was found in CG HSS material. This mean is 928.82 (μm) for CG HSS at 250 cycles and 168,39 at 
2500 cycles. The ratio between CG HSS and the rest of the materials in crack length is higher at 250 











N° Cycles 250 750 2500
Largest Crack (μm)
HSS HCR HCR deformed HCR deformed+
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The mean for CGHSS is 4.33 times greater than HCR deformed (0.41 strain) at 250 cycles. At 2500 cycles 
this ratio lowers to 2. 
Table 13: 7-Largest crack comparison between HCR and CG HSS at 250/750/2500 cycles 
 7-Largest Crack mean (μm) 
N° 
Cycles 





250 928,82 556,56 283,69 214,16 
750 1165,19 753,32 512,27 360,05 
2500 1168,38 796,22 610,18 580,04 
 
 
Figure 46: Comparison of mean of 7 largest cracks: HCR vs CG HSS 
4.2.3.3 Comparison in crack density  
Crack density is higher for HCR, in general, greater than a 30%. If CG HSS is compared with deformed+ 
(0.41 strain) HCR, the differences are big (density is about 40% greater for CG HSS at high cycle 
numbers). Spalling of deformed samples make cracks to link together, break off and therefore crack 
density for higher cycle numbers appears as a low number. All values of crack density are listed in Table 
14. 
Crack density increases linearly with the number of cycles. Highest density is found in as-cast HCR at 
2500 cycles, with a value of 16.2 cracks/mm. On the other hand, the lowest value was found in 
deformed (0.41 strain) HCR at 250 cycles, accounting for 7.6 cracks/mm. 
It can be seen, that at 250 cycles, as-cast HCR has more than 20% higher density than CG HSS (12,1 vs 
9,9 cracks/mm), whereas HCR deformed + (0.41 strain) has lower density than CG HSS in 20% 
approximately too (7,6 vs 9,9 cracks/mm). 
Crack density growth is not linear anymore beyond 750 cycles. Instead, density flattens. This can be 
explained as crack saturation (Figure 47). 
If we compare as-cast HCR with HCR deformed (0.41 strain), the difference in density is 1.58 times 
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Table 14: Crack density comparison between HCR and CG HSS at 250/750/2500 cycles 










250 9,9 12,1 12,2 7,6 
750 10,6 14,2 13,6 9,5 
2500 10,7 16,2 14,1 10,2 
 
Figure 47: Comparison in crack density: HCR vs CG HSS at 250, 750 and 2500 cycles 
4.2.3.4 Comparison in average length of all cracks  
The average crack length in micrometres for all materials at all thermal cycles was calculated. The 
average length increases with the number of cycles for all materials. All values are described in Table 
15. The highest average crack length was found in as-cast CG HSS at 2500 cycles, accounting  
The average length for CG HSS is 2.5 times greater than as-cast HCR at 250 cycles and 1,65 times at 
2500 cycles. This difference increases if as-cast CG HSS is compared with deformed parts, being 3.5 
times greater at 250 cycles than the HCR strained at 0.41, and 2 times at 2500 cycles. This can be 
observed in Figure 48. 
For the case of HCR, the more initially deformed the part was, the lower average crack length was 
found. The worst behaviour in terms of crack length is exhibited by as-cast CG HSS. 
Table 15  Average crack length comparison 
 Average crack length (μm) 
N° 
Cycles 





250 192,22 78,67 59,54 52,65 
750 233,023 85,12 83,12 77,25 
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Figure 48: Comparison in average length of cracks: HCR vs CG HSS at 250, 750 and 2500 cycles. 
 
4.2.4 Micrographic analysis of initiation and growth of cracks. 
Due to the performed tests, thermal fatigue cracks nucleated on all of the specimens, starting to grow 
on the cooled surface. The coarse carbides were the site preferred for crack propagation since they 
have increased brittleness and high Young’s modulus and in addition also the large difference in the 
thermal expansion coefficient regarding to the matrix. There was not found crack propagation through 
the matrix, except when cracks in adjacent carbides were connected through the matrix.  
 
From 750 to 2500 cycles, crack density as well as the mean of 7-largest crack experience lower growth 
than from 250 to 750. This means that there is lower nucleation of other cracks and the existing ones 
propagate at a lower speed. This is because the cracks have reached a dimension sufficient to 
accommodate the thermal strain preventing the stresses on the surface from rising. 
 
Oxidation was observed in the cracks internally. This process accelerates crack growth.  
In the following sections, external, internal and secondary crack nucleation, crack growth, oxidation 
and crack linking are described. 
4.2.4.1 As-cast CG HSS  
Small cracks initiate in the cooled surface and grow perpendicularly to the surface (see Figure 49a and 
Figure 49b). Preferred starting points are thus primary and eutectic carbides (Figure 49b) and crack 
propagates rapidly through it (carbide/matrix interface). Cracks also initiate in graphite (Figure 50) and 
also grow through graphite pathways (Figure 51), or a combination of both (Figure 52). Cracks do not 
propagate through the matrix except for cases when two cracks are linked as in Figure 51.  Figure 52 
shows how an internal crack nucleate and propagate across a eutectic carbide cluster. As mentioned 
before, crack propagates using primary and eutectic carbides as well as graphite pathways. Coarse 
primary carbides of CG HSS are distributed along the cell boundaries as well as graphite particles. They 
provide a good place as a path for propagation [39]. Carbides located at cell boundaries are thus a 
problem for CG HSS.  
At higher cycles (from 750 cycles on), small secondary cracks start to appear (Figure 53). Cracks keep 
linking together and they grow in depth as in Figure 54 and Figure 55 whereas oxidation of crack 
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oxide layers are found along the cracks (Figure 56a) and they have an important role during crack 
growth. Oxide layer has a negative effect in mechanical properties of the material. Oxidation increases 
at high cycle numbers. Figure 54 shows lift of material due to the oxidation of cracks below the surface. 
The same picture also shows a linking of cracks that are originated in different spots at the surface. 
This is a mechanism of two cracks connecting to each other. 
Eutectic carbides (Figure 49b) and graphite (Figure 51) play as stress concentration role inducing by 
the great difference between thermal coefficients of carbide and matrix. Therefore, Eutectic carbides 
and primary carbides (because of their increased thickness) are very appropriate locations for the crack 
nucleation and propagation. 
Lastly, Figure 56 analyses cracking area at very high magnification and also uses EDS for chemical 
analysis. It shows all the carbides that surround the crack plus the dark oxide layer. 
SEM EDS analysis of CG HSS (As-CAST) on a cracked area is described following, and its chemical 
composition is listed in 
 
 
Table 16. Spots 1 and 4 are eutectic carbides rich in Cr and Mo. Spots 2, 5 and 6 (Figure 56b) represent 
the steel matrix. The microstructure consists of undissolved excess carbides (rich in Ni) in a martensitic 
matrix. Spot 3 represents primary Mo carbide. Along the crack, the dark region represents oxide layer 
due to oxygen penetrating into the crack and oxidizing the crack surface. Black stains can also be 
observed, which correspond to graphite. 
 
Figure 49: CG HSS As-Cast at 250 cycles. [A] Crack growth direction perpendicular to the cooled surface. [B] Crack nucleating 











Figure 50: CG HSS As-Cast at 250 cycles. Graphite are also preferred spots for cracks initiation. 
 
Figure 51: HSS As-Cast at 250 cycles. Crack propagating using graphite and carbide pathways.  
 
Figure 52: CG HSS As-Cast at 250 cycles. Crack propagating using of a combined carbides and graphite pathways. Secondary 
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Figure 53: As-cast CG HSS at 750 cycles. Occurrence of small secondary cracks. Linking of two surface cracks leads to 
spalling.  
 
Figure 54: As-Cast CG HSS at 750 cycles– Lift of material is present due to oxidised crack below the surface. Also linking of 
cracks initiated in different spots at the surface are seen. Linking of two surface cracks leads to spalling.  
 
Figure 55: As-Cast CG HSS - at 2500 - cracks are wide and deep [A] wide crack initiated at eutectic carbides [B] deep and long 
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Figure 56: As-Cast CG HSS- at 2500 cycles [A] Oxidation of eutectic along the crack [B] EDS analysis of CG HSS as—cast at 




Table 16: Chemical composition EDS of CG HSS at 1300x in wt% - AS CAST 
 Spot 
 1 2 3 4 5 6 
Si 2,477 2,609 6,295 2,618 2,367 2,65 
V 2,784 0,189 2,622 3,232 - 0,169 
Cr 6,575 0,797 2,972 6,674 0,763 0,816 
Mn 1,623 0,863 0,663 1,24 0,779 0,74 
Fe 70,486 88,485 37,943 70,531 89,164 88,477 
Ni 2,264 6,708 8,202 2,392 6,498 6,698 
Mo 13,79 0,350 41,303 13,313 0,429 0,450 
 
 
4.2.4.2 As-cast HCR 
Crack nucleation is a consequence of tensile stresses suffered on the surface due to temperature 
gradient between the inner material and the cooled surfaces. The difference in thermal expansion 
coefficients as well as mechanical properties between carbides and matrix cause dilatation of the 
matrix that carbides cannot follow. Carbides are brittle and harder than the matrix and their thermal 
expansion coefficient is lower. Thus, cracks start to nucleate so at the carbides (by cracking) as well as 
at carbides matrix interface. 
At 250 cycles, small external cracks start to originate in the cooled surface (Figure 57) and grow 
perpendicular to it. Cracks initiate in the cooled surface or close to it at primary or eutectic carbides 
and grow along them (Figure 57). Figure 58 shows large cracks of as-cast HCR at 750 cycles. In Figure 
59 primary carbides and eutectic carbides form the crack pathway. 
Longer cracks appeared at thick and elongated primary carbides. Additionally, long cracks were 
observed too at lamellar carbides in eutectic points and at thick primary carbides next to the cooled 
surface. The carbide orientation (primary or eutectic) that favors nucleation of cracks is perpendicular 
to the cooled surface. Regarding their shape, primary carbides favor nucleation and propagation if they 
Oxidation of eutectic 
CG HSS- as cast 
58 
 
are elongated (Figure 58) and lamellar (Figure 57) for the case of eutectic in direction perpendicular to 
the cooled surface. Furthermore, cracks are connected below the surface. Spheroidal carbides retard 
crack growth. 
 Figure 59 shows that the cracks are oxidized as the air goes through it. However, oxide layer formed 
through eutectic paths is wider because oxidation is accelerated due to having lower Cr content. Oxides 
play role as a wedge in the cracks. They accelerate the crack growth. The oxidized areas have worse 
mechanical properties and thus crack growth is accelerated. Figure 58 shows how two cracks that are 
originated at the cooled surface link together and cracks growing through carbides towards the bulk 
of the material.  
Regarding internal cracks, the sites preferred to its nucleation and propagation is at thick carbides 
perpendicular to the cooled surface. They follow the way of the carbide and matrix interface (Figure 
57). Propagation is lower than as-cast CG HSS. 
  
Figure 57: HCR at 250 cycles –Cracks forming in the cooling surface. Perpendicular crack growth and internal crack 
formation.  
 
Figure 58: Microstructure and cracks of HCR at 750 cycles - as cast. Elongated and perpendicular primary cracks are the 
crack pathway. 













Figure 59: As-Cast HCR at 2500 cycles. Cracks are growing along eutectic and primary carbides. Oxide layer along cracks is 
formed. Crack growth is retarded when carbides are oriented parallel to the cooled surface. 
 
4.2.4.3 Deformed HCR  
In this subchapter, deformed HCR was analyzed. Cracks propagated less than the same material in as-
cast state. They are fewer in number also if compared to as-cast CG HSS. However, due to the fact that 
plastic deformation performed on HCR was too high, many carbides experienced cracking before the 
test. This was observed previously in Figure 30 and Figure 31. When carbides that are close to the 
surface crack, crushing of material is produced. 
In Figure 60 cracks in carbides appear due to too high deformation imposed to 0.23 deformed strain 
HCR. Figure 61a show that at 250 cycles linking of cracks is already occurring. Figure 61b shows that 
secondary cracks originate also in graphite. Propagation of cracks is difficulted by the deformed 
carbides which are thick and parallel to the growth direction. 
Transition of crack growth between graphite and carbide is also present (Figure 62b). In Figure 63 
secondary cracks (a) and spalling of material (b) are found. In Figure 63 two shapes of graphite are 
shown: flat shape and spheroidal shape. As it can be seen, the graphite flat shape helps to propagate 
the crack (Figure 63a), whereas the spheroidal shape retards the growth of cracks (Figure 63b). Due to 
deformation of the material, spheroidal carbide shapes are obtained and they do not contribute to the 
propagation of cracks. Crack growth is also diminished when the crack reaches lamellar eutectics that 
are not oriented in direction of the propagation. In any case, the crack growth is reduced as stresses 
are no longer concentrated at the crack tip. Instead, they are distributed in the entire area of the 
eutectic, obtaining as a consequence branching of cracks. This effect is observed in Figure 63b. The 
propagation of cracks is improved in deformed HCR if compared to as-cast material. 











Figure 60: HCR Cracks in carbides due to too high imposed deformation (a) HCR strain of 0.23 (b) HCR strain of 0.41 
 
Figure 61: HCR at 250 cycles [a] in deformed state (0.23): cracks nucleating in the surface. Linking of cracks [b] deformed + 
state (0.41): crack nucleation at graphite. 
 
Figure 62: HCR at 750 cycles [a] in deformed state (0.23): thicker crack. Flat graphite helps to propagate the crack [b] 
deformed state (0.41): secondary cracks. Also spalling of material at branched graphite close to the surface 
HCR – 0.23 strain HCR – 0.41 strain 
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Figure 63: [a] in deformed state (0.23 at 2500 cycles): secondary cracks. Flat graphite helps to propagate the crack [b] 
deformed + state (0.41 at 2500 cycles): spalling of material. Spheroidal graphite retards crack propagation.  
 
4.2.5 Micrographic analysis of Spalling of materials 
Spalling of materials from the tested surface layer was detected in HCR. This is described in more detail 
in following section 4.2.5.2. 
Material is removed from the cooled surface due to crushing of carbides and spalling at linking of 
cracks. This effect increases surface roughness and wear of the material. As mentioned previously, 
spalling occurs due to connecting of longer cracks nucleated at the cooled surface, formation of loops 
inside the wall and also oxidation of the surface layer and crack pathways. Spalling was detected in 
HCR due to the fact of the high crack density presented in the surface. 
Finally, spalling was also found in deformed samples as a consequence of cracks linking together as 
shown in Figure 67. 
4.2.5.1 Spalling of CG HSS  
Spalling in CG HSS is barely seen. In Figure 54, lift of material is present due to oxidised crack below 
the surface. Also linking of cracks initiated in different spots at the surface are seen and might lead to 
spalling at higher cycle numbers. Figure 64 shows linking of material at 750 cycles. However, spalling 
is not occurring yet. Figure 65 shows that spalling is not significant. Crushing of superficial carbides is 
present. 
 
Figure 64 CG HSS at 750 cycles - Linking of cracks that might spall at higher cycles. 
















Figure 65 CG HSS at 2500 cycles - Crushing of carbides at the surface 
4.2.5.2 Spalling at as-cast HCR 
The higher the number of cycles, the higher the spalling found. This happens because the more the 
cycles performed, the more the cracks nucleate and the more links occur. This is occurring at primary 
and eutectic superficial carbides. Superficial cracks connect and lead to spalling. As previously shown 
in Figure 58, as-cast HCR at 750 cycles show link of superficial cracks. This area will probably suffer 
from spalling at higher cycles. Spalling is not significant for as-cast state as it displays Figure 59, which 
is at 2500 cycles. 
4.2.5.3 Spalling at deformed HCR 
Carbides were deformed and they help to propagate cracks in direction parallel to the cooling surface. 
When these cracks link together, crushing of materials occur. Besides, when loops of cracks are formed 
spalling also occurs. If carbides that are close to the surface crack, crushing is also produced. 
Figure 66a show severe spalling in deformed HCR (0.23 strain) at 750 cycles. In this case spalling of 
material occurs at the graphite surface location and the bulk of the material due to connection of 
diverse cracks. This increases the surface roughness. Additionally, Figure 66b displays spalling effect in 
deformed HCR (0.41 strain) at 750 cycles too. This effect is lower in the most deformed sample (0.41 
strain). 
Furthermore, Figure 67a shows spalling of same material HCR (0.23 strain) at 2500 cycles. Lastly, Figure 
67b corresponds also to HCR but at higher strain (0.41). Both figures show spalling of material at the 
surface. 
Finally, it can be mentioned that clusters of carbides oriented in a different direction to the crack 







Figure 66:  Spalling of material from tested surface layer - [A] Deformed HCR (0.23) at 750 cycles [B] Deformed HCR (0.41) at 
750 cycles: 
 
Figure 67: Spalling of material from tested surface layer – [A] deformed HCR at 2500 cycles (0.23 strain) [B] deformed HCR at 
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5 Discussion  
Thermal fatigue properties are connected with the roll life. The rolls experience a compressive stress 
during heating, and tensile stress during cooling. This is due to the volume expansion and contraction 
of the material at a constraint state.  
Similar mechanisms for crack nucleation were found in both materials. However, crack growth was 
marked higher in CG HSS. This is supported by the facts that larger cracks were found in as-cast CG HSS 
material (1576 μm in as-cast CG HSS at 2500 cycles whereas 1089 μm for as-cast HCR), and the smallest 
in the deformed HCR 0.41 strain (being 673 μm at 2500 cycles). This is probably due to the 
characteristics of CG HSS carbides, their amount, and the presence of graphite. Graphite particles and 
elongated shape coarse primary carbides which are below the cooled surface and formed along cell 
boundaries are frequent spots for crack initiation and preferred sites for crack growth [39]. Carbides 
located at cell boundaries are thus a problem for CG HSS.  
Cracks are mainly initiated in coarse primary and eutectic carbides. They are the preferred sites as they 
are brittle and consequently offer a large difference in expansion coefficient compared to the matrix. 
Cracks formed at surface (and close to it) are an important factor that determines the thermal fatigue 
behaviour and service time of the material. In both materials cracks propagate along hard and brittle 
primary carbides. Crack propagation through the matrix is intensified. Crack growth through matrix 
material occurs when cracks connected through it (when adjacent carbides exist). 
Crack length increases with the number of cycles. This occurs for all materials. However, it can be 
noted, that crack density per type of material increases in lower degree from 750 to 2500 cycles. Crack 
density flattens at 2500 cycles due to crack saturation. Regarding deformed HCR materials, excessive 
crushing of carbides and spalling was detected, which is mainly when two superficial cracks connect to 
each other and carbides close or at the surface crack.  
It can be noted that amount and size of carbides is a very important factor for inducing thermal fatigue 
in the materials. Coarse carbides crack first at low cycles as they are very hard, besides having also a 
very large difference in expansion coefficient compared with that of the matrix. As density of cracks 
indicates, there are more superficial cracks in as-cast HCR than in CG HSS. This is supported by the fact 
that crack density in as-cast HCR at 250 cycles is 12,2 cracks/mm whereas for as-cast CG HSS only 9,9 
for the same number of cycles (1.23 times greater). At 2500 cycles this difference is even bigger, as 
crack density for as-cast HCR is 16,2 and for as-cast CG HSS only 10,7 (1.51 times greater). This is 
explained by the fact that the size and amount of primary carbides is greater in HCR than in CG HSS. 
Therefore, surface cracks are seen in greater measure in HCR than in CG HSS.  
The growth of cracks is accelerated by their oxidation as the oxides have bigger volume than the base 
material and they act as wedge to the crack. For HCR this effect was weaker than for CG HSS, as high 
proportion of carbides in HCR contain Cr. 
In regards to the most deformed state of HCR (0.43), it can be said that the density of cracks in 
cracks/mm is similar to as-cast CG HSS, being 10,2 at 2500 cycles and 10,7 for the latter material. At 
250 cycle, crack density of CGHSS is 1.3 times greater than deformed (0.41) HCR. Regarding their crack 
length, deformed HCR (0.43) developed 673,48 μm of length in its largest crack, which is the shortest 
at 2500 cycles. For this number of cycles, as-cast CG HSS developed 1576,18 μm, which is about 2.3 
times larger than deformed HCR (0.43). This difference is greater at 250 cycles, being approximately 
3.98 times when considering the average of crack length. Average crack length of as-cast CG HSS at 
2500 cycles equals 236,58 μm. This number is 2.3 times greater than as-cast HCR and 2.53 than 




In our investigation High-Chromium Steel (HCr, named Obla-Cr12) and CGHSS in as cast states were 
used for the assessment of thermal fatigue resistance. The materials are used for rollers. Additionally, 
for HCr the thermal fatigue resistance for two deformed states was studied, i.e. using strains of 0.23 
and 0.41, respectively. Testing of thermal fatigue resistance was carried out on Gleeble 1500D thermo-
mechanical simulator. In order to understand properly the phenomena of crack nucleation and growth, 
samples were properly tested at 250, 750 and 2500 thermal cycles, respectively, and then studied on 
their cross-section by means of an optical microscope. The length of cracks was then measured. SEM 
analysis and EDS analysis were also performed to study characteristics of crack initiation, their growth 
and spalling of material, etc. The following conclusions can be derived: 
 
▪ Initial microstructure of HCR steel is composed of primary carbides, eutectic carbides and 
secondary carbides inside of a martensitic matrix. Carbides consist mainly of Cr and also Mo.  
 
▪ Initial microstructure of CG HSS consists of graphite particles and carbides (primary and 
eutectic, based on Mo and V) in a martensitic matrix containing fine secondary carbides.  
 
▪ Degradation of the surface occurs by several mechanisms: crack nucleation, crack growth, 
oxidation, removal of material due to spalling at eutectic and primary carbides located on the 
cooled surface, cracking of thick carbides below the surface, nucleation of internal secondary 
cracks, linking of cracks, formation of cracking loops and oxidation of the surface and along the 
cracks internal. 
 
▪ For HCR material cracks were mainly initiated at the primary carbides and eutectics (brittle) in 
the surface or close to it, and then propagated in sample internally. This is due to the fact that 
they have little ductility and a large difference in the expansion coefficient compared with that 
of the matrix. For CG HSS material, graphite particles were also included as a factor for crack 
initiation as well as for cracks growth. 
 
▪ Crack nucleation and propagation depends on number of cycles, the size, shape, orientation 
and distribution of the primary and eutectic carbides. Primary and eutectic carbides at the 
surface or close to it are preferred locations for crack nucleation. Elongated carbides under 
the surface accelerate crack growth while globular inhibit it. For the case of CG HSS, graphite 
particles are present in great amount and they act as a notch. In this material crack propagates 
through a path of combined eutectic carbides and graphite. Carbides oriented parallel to the 
cooled surface reduce the growth of cracks. In CG HSS, once cracks were nucleated, they 
propagated rapidly. This was not true for HCR materials. 
 
▪ Thermal fatigue property depends heavily on the volume fraction of the coarse primary 
carbides. CG HSS material has the lowest volume fraction of carbides, therefore lowest number 
of crack nucleation. However, coarse primary carbides and graphite particles are distributed 
in an elongated shape below the cooled surface and provide an easy way for crack growth. 
Coarse carbides formed along cell boundaries are frequent place and preferred for crack 
growth. This explains the crack length developed in CG HSS material (largest cracks found at 
2500 cycles are: 1576,18 μm for CGHSS, 1089,25 μm for as-cast HCR, 835,85 μm for HCR 
deformed (0.23 strain) and 673,48 μm for HCR deformed (0.41 strain)). Regarding the 7-largest 
crack mean in μm, the same observations are depicted. At 2500 cycles, these values are: 
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1168,38 μm for CGHSS, 796,22 μm for as-cast HCR, 610,18μm for HCR deformed (0.23 strain) 
and 580,04 μm for HCR deformed (0.41 strain). On the other hand, density of cracks for as-
cast HCR and deformed HCR (0.23 strain) is higher than as-cast CG HSS. Density of cracks for 
deformed+ HCR (0.41 strain) is lower than as-cast CG HSS. Values of density at 2500 cycles 
from higher to lower are: 16,2 cracks/mm for as-cast HCR, 14,1 for HCR deformed (0.23 strain), 
10,7 for as-cast CG HSS and 10,2 for HCR deformed (0.41 strain).  Crack density of deformed+ 
(0.43 strain) HCR is thus lower than CG HSS, which means that the deformation induced a 
positive effect on reducing superficial crack nucleation.  
 
▪ Oxidation plays an important role accelerating crack growth. An oxide layer originates and 
leads to the formation of cracks internally due to exposure to high temperature during the 
test. Oxide layer has a negative effect in mechanical properties of the material. Oxidation 
increases at high cycle numbers. This was more visible in CG HSS due to decreased content of 
Chromium. 
 
▪ Spalling of material from surface layer leads to the increase of surface roughness. Several 
mechanisms responsible for spalling was observed: superficial linking of cracks, linking of 
cracks in deeper areas in specimen internally, oxidation of eutectics, crushing of eutectic and 
primary carbides at the surface or close to it. They lead to material removal. High density of 
cracks at HCR materials led to higher amounts of spalling in this material. 
 
▪ In the case of CG HSS, to improve the thermal fatigue resistance coarse intercellular carbides 
should be minimised and they should be homogeneously distributed. As mentioned 
previously, deformed + HCR (0.41 strain) offers the shortest cracks among all samples (average 
crack lengths in μm at 2500 cycles from lower to higher are: 93,21 for HCR deformed (0.41 
strain), 109,12 for HCR deformed (0.23 strain), 115,95 for as-cast HCR and 236,58 for as-cast 
CG HSS). Furthermore, carbides should be refined and spherical and rod shaped could improve 
thermal resistance. 
 
▪ All these conclusions show that the deformation of the HCR prior to the thermal cycling gives 
as a result a material that offers a positive combination of thermal behaviours between as-
cast CG HSS and as-cast HCR. This is due to the fact that the density of cracks developed in the 
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